Direct visualization of independent Ta centers supported on 2D TiO2 nanosheets by Bo, Zhenyu et al.
UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!
Title Direct visualization of independent Ta centers supported on 2D TiO2
nanosheets
Author(s) Bo, Zhenyu; Thornburgh, Nicholas; Peng, Lingxuan; Gutierrez Moreno,
Jose Julio; Nolan, Michael; Marks, Laurence D.; Notestein, Justin M.
Publication date 2019
Original citation Bo, Z., Thornburgh, N., Peng, L., Gutierrez Moreno, J. J., Nolan, M.,
Marks, L. D. and Notestein, J. M. (2019) 'Direct Visualization of
Independent Ta Centers Supported on 2D TiO2 Nanosheets', Nano
Letters, In Press, doi: 10.1021/acs.nanolett.9b03305





Access to the full text of the published version may require a
subscription.
Rights © 2019 American Chemical Society. This document is the Accepted
Manuscript version of a Published Work that appears in final form
in Nano Letters, copyright © American Chemical Society after peer
review and technical editing by the publisher. To access the final
edited and published work see
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b03305
Embargo information Access to this article is restricted until 12 months after publication by
request of the publisher





Subscriber access provided by UNIV COLL CORK
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.
Communication
Direct Visualization of Independent Ta
Centers Supported on 2D TiO2 Nanosheets
Zhenyu Bo, Nicholas Thornburgh, Lingxuan Peng, Jose Julio Gutierrez
Moreno, Michael Nolan, Laurence D. Marks, and Justin M Notestein
Nano Lett., Just Accepted Manuscript • DOI: 10.1021/acs.nanolett.9b03305 • Publication Date (Web): 29 Oct 2019
Downloaded from pubs.acs.org on October 31, 2019
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
Direct Visualization of Independent Ta Centers supported on 2D 
TiO2 nanosheets
Zhenyu Bo1, Nick Thornburg2, Lingxuan Peng1, Jose Julio Gutierrez Moreno3, Michael 
Nolan3, Laurence D. Marks1, Justin M. Notestein2*
1. Department of Materials Science and Engineering, Northwestern University, 
Evanston, IL, 60208
2. Department of Chemical and Biological Engineering, Northwestern University, 
Evanston, IL, 60208
3. Tyndall National Institute, University College Cork, Lee Maltings, Dyke Parade, 
Cork, Ireland
* Corresponding author email: j-notestein@northwestern.edu
ABSTRACT
Highly-dispersed, supported oxides are ubiquitous solid catalysts, but they can be challenging 
to characterize with atomic precision. Here it is shown that crystalline anatase TiO2 nanosheets 
(~5 nm thick) are ideal supports for imaging highly-dispersed active sites. Ta cations are 
deposited by several routes, and high-resolution high angle annular dark-field (HAADF) 
scanning transmission electron microscopy (STEM) is used to determine the location of Ta 
with respect to the TiO2 lattice and to quantify Ta-Ta distances. In the best case, it is shown 
that >80% of Ta atoms are isolated from one another, whereas other techniques are blind to 
this critical catalytic property or give only qualitative estimates. TiO2 nanosheets may prove to 
be a useful platform for other types of catalysis studies.
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Heterogeneous catalysts are solid materials that catalyze reactions in the gas or liquid 
phase, and are essential in chemicals manufacturing, fuels production and emissions control.1,2 
They take a variety of forms including supported metal nanoparticles such as Pt/Al2O3 for 
hydrogenation/dehydrogenation or combustion,3 bulk oxides such as the complex MoVTeNbO 
materials used in ammoxidation,4 or supported metal oxides such as TiOx/SiO2 and VOX/TiO2.5, 
6 This last category is frequently used in reactions such as the selective oxidation of alcohols 
and alkenes, emissions control, and photocatalysis.7-10 
The reactivity of any heterogeneous catalyst is dependent on the number of the active 
atoms (e.g. Ti atoms in TiOX/SiO2 catalysts) that are accessible to the reactants.6, 11, 12 To keep 
this value as high as possible, catalysts are typically synthesized to be as dispersed as possible 
while retaining their active form, giving oxide domains that are ideally present as single cations 
on the support, small clusters, or monolayers. In addition, supported oxides are also well-
known to be ‘structure-sensitive’, in that their precise atomic connectivity to other active atoms 
and to the support has a large impact on catalytic rates and selectivities.13-16 
Therefore, the catalysis community is continuously looking for methods to control the 
chemical environment and the dispersion of active sites during the synthesis of supported metal 
oxide catalysts. These methods can include the use of bulky or well-defined precursors to 
enforce site-isolation,17, 18 multinuclear precursors to create small clusters,19-21 thermolytic 
molecular precursors,22, 23 substituted silsesquioxanes,23, 24 atomic layer deposition,25-27 and 
engineered supports,28-30 among many other approaches.
Beyond the synthesis, a significant challenge in supported oxides of all types is 
characterizing them with atomic precision. Historically, characterization of the active sites of 
supported oxide catalysts has been via probe reactions and via X-ray absorption, UV-visible, 
NMR, vibrational, and other spectroscopies. However, these techniques all give local 
properties of the probed atom, and are also averaged over the whole sample, making it 
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challenging to tease out some of the finer details of synthesis-structure-function relationships, 
such as the distribution of atoms across a surface. Finally, chemical site counting methods can 
provide distributions of the properties of active sites,31, 32 but do not necessarily provide 
structural information.
Significant advances have been made in recent years for the direct, atomic-level 
visualization of supported catalyst active sites by electron microscopy, even as the active sites 
themselves trend towards single-atom dimensions.33, 34 However, there remain several 
significant limitations. First, most imaging of single-atom and small cluster catalysts has 
occurred with 3rd row, low-valent, late transition metals (eg. Au, Pt, Ir).33-35 These elements 
provide good Z-contrast and are widely used catalysts. In contrast, supported, high-valent, early 
transition metal cations and oxides have not been the target of these types of imaging studies, 
likely because the 1st row elements are more commonly used in catalysis within these groups. 
Second, zeolites and other crystalline oxides like SrTiO3 have been preferred for atomic-
resolution imaging of supported species, in part because of the relative ease of imaging along 
a particle edge on such supports.36, 37 It is more challenging to image species with atomic 
resolution on the surface of traditional, high surface areas supports such as Al2O3, TiO2 and 
SiO2 because of their amorphous or highly faceted surfaces and relatively large primary 
particles. There have been successes using core-shell or very small support oxide particles to 
image and locate single catalyst atoms,38, 39 but it remains very challenging to focus highly 
converged electron beams on more than a small area at a time. 
In this letter, we report the use of 2D TiO2 nanosheets (nsTiO2) as nearly ideal support 
materials for the direct visualization of highly-dispersed catalysts across large particle surface 
areas. Here, we demonstrate its utility for tantalum oxides (TaOX/TiO2) to address the dearth 
of imaging of supported, high-valent, early transition metal cations, but these supports should 
be generally applicable for imaging supported catalysts. The use of thin (~5 nm), flat, anatase 
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TiO2 nanosheets instead of traditional oxide particles makes it possible to keep the entire 
surface in focus during High-Resolution High Angle Annular Dark-Field (HAADF) imaging, 
rather than very small regions on a particle edge, as is typical for conventional supports. 
Moreover, in contrast to prior examples of STEM,40 STM,41, 42 or atom-probe tomography,43 
high surface area powders are used here, permitting bulk characterization tools to be used on 
the same material with no special modifications. Second- and third-row highly dispersed metal 
oxides are less commonly used than their first-row counterparts, but have recently gained 
attention for having comparable, or in many cases greater, activity or selectivity in a variety of 
thermochemical transformations.7, 15 TaOx-based materials have been shown to be interesting 
in a variety of selective oxidation reactions,44-46 and Ta-TiO2 specifically is of interest as an 
acid catalyst47 and for its photocatalytic properties.48-50
The images collected here provide direct evidence for single-atom dispersion and 
provide the distribution of Ta-Ta nearest-neighbor distances over a wide area, giving insight 
into the sensitivity of the TaOx structure on the Ta precursor used for synthesis. It also gives 
insight into the effects of post-synthetic modifications, such as subsequent atomic layer 
deposition of an additional oxide. Precursor and post-synthesis modification have both been 
shown to strongly influence the catalyst activity and stability,25, 30, 51 but as mentioned above, 
direct connections to surface speciation have remained elusive.  
TiO2 nanosheets (nsTiO2) were synthesized using titanium butoxide and hydrofluoric 
acid under autoclave conditions following previously reported procedures.52 The N2 
physisorption specific surface area measured (Supporting Information Figure S1) by the BET 
method is 145 m2/g. These materials consist of platelets with particle dimensions of length and 
width below 100 nm and thickness below 10 nm (SI Figure S2) Typical particles have length 
and width of ~60 nm and a thickness of ~ 5 nm. These materials have pure anatase phase, with 
X-ray diffraction peaks corresponding to the (101), (004), (200), (105) and (211) crystal planes 
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(SI Figure S3). 53 The particles are not annealed, and the large faces are unreconstructed and 
[001]-terminated.52 The particles are flat for imaging over extended distances, but the faces are 
not atomically smooth and are expected to contain the types of surface defects found in other 
TiO2 materials.
To deposit Ta atoms, (illustrated in Scheme 1), nsTiO2 was dispersed in a toluene 
solution containing either calixarene-TaCl (30mM, 40mL, ultimately giving material Ta-
Calix)54 as a representative bulky precursor previously shown to help enforce site-isolation on 
silica, or Ta(OEt)5 (Sigma-Aldrich, 15mM, 10mL, ultimately giving materials Ta-Et) and the 
solution was heated to reflux for 24 h. The modified nsTiO2 was washed with anhydrous 
toluene and dried under dynamic vacuum at room temperature. This procedure grafts the Ta 
atoms at a surface density of ~0.3 Ta nm-2, or 70 μmol Ta g-1 as determined by 
thermogravimetric analysis (to measure calixarene ligand content, SI Figure S4) and ICP-OES 
(Ta content). This loading was chosen because it is approximately the geometrical limit 
resulting from the large calixarene ligand.25 Some samples of as-synthesized Ta-Calix were 
coated with <1 nm Al2O3 using atomic layer deposition (ALD) of five alternating cycles of 
Al(CH3)3 and H2O,25 ultimately leading to material Ta-ALD. Finally, all samples were treated 
in flowing O3 at 110°C to remove any residual organic ligands. In addition to electron 
microscopy, samples were also characterized by X-ray diffraction (XRD) and X-ray 
photoelectron (XPS), diffuse reflectance UV-visible (DRUV-vis), and Raman spectroscopies. 
See SI for full procedures. 
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Scheme 1. Modification of anatase 001-terminated TiO2 nanosheets (nsTiO2) with Ta and 
with an Al2O3 overcoat
HAADF imaging was completed using a JEOL JEM-ARM200CF aberration-corrected 
scanning transmission electron microscope. To prepare the sample for imaging, ethanol 
suspensions of samples were drop-cast onto TEM grids and air-dried. The HAADF images 
were acquired using a probe of ~0.078 nm, an emission current of 15 μA and a beam current 
of ~19pA with a 40 μm condenser lens aperture. The collection angle of the HAADF was 
greater than 80 degrees. Ta atom nearest neighbor distances (NND) were calculated using 
Image J software. 
Conventional spectroscopies and other characterization tools are often limited in the 
information they can provide for mixed or supported oxides, as they give ensemble averages 
of the materials. XRD after Ta deposition or after ALD (SI Figure S3) shows no changes or 
additional features. This indicates that neither did a TaOx crystal phase form on top of the 
nsTiO2 nor did Ta insert into the TiO2 lattice to any significant extent, but it provides no 
information on the actual TaOx structure adopted. XPS (SI Figure S5) shows binding energy 
peaks at 458.6 eV and 464.5 eV in the Ti 2p region and at 530.5 eV in the O 1s region, which 
are typical of Ti4+ and oxygen ions in metal oxides.53 The Ta 4f peaks around 26 eV and 28 eV 
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confirm the presence of Ta with high oxidation state in the Ta-containing samples.55, 56,57 The 
absence of observable features near 855 cm-1 in the Raman spectrum could indicate the absence 
of Ta-O-Ta bonds that would be found in larger clusters.58 However, as is often the case with 
supported oxide catalysts, stronger conclusions are precluded by the relatively low loadings of 
Ta and the strong contribution from nsTiO2 itself. Likewise, DRUV-vis can be a useful tool for 
characterizing supported oxides,6, 7 but here cannot distinguish the Ta-containing materials 
from the parent nsTiO2 (SI Figure S7). Overall, XRD, XPS and Raman studies confirm the 
presence of small amounts of highly dispersed Ta oxide on anatase nsTiO2 but cannot provide 
further details. 
Therefore, high-resolution HAADF-STEM images were acquired to enable direct 
observation of the distribution of Ta atoms on the TiO2 surface with atomic resolution. Figure 
1a) shows the structure of Ta-Et taken along the [001] direction of the nsTiO2 crystallite. The 
image clearly demonstrates that the Ta atoms are located on top of the Ti-O columns, and there 
were no Ta atoms located between columns. This alignment requires that the Ta atoms were 
present either directly above the Ti lattice sites, or as substitutions for Ti atoms within the 
lattice or at the surface. Because of the synthesis method and the mild post-synthesis treatments, 
it is most likely that Ta grafts directly above the Ti atoms. Density functional theory (see SI 
for details) confirms that, regardless of the extents of Ta atom hydration and surface 
hydroxylation, the stable configuration places Ta atoms directly above a Ti atom column, as 
illustrated in Figure 1b) and Figure 1c). We note that the Ta atoms occupy different 
crystallographic positions depending on the state of hydration, although we cannot verify this 
from the microscopy. The circles in Figure 1a) highlight some of the many isolated Ta atoms 
(no Ta atoms at the neighboring lattice position) in this sample. The squares in Figure 1 show 
some potential pairs or oligomers of Ta atoms at adjacent sites. 
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Figure 1. a) High-resolution HAADF-STEM image of sample Ta-Et acquired along the [001] 
direction of the TiO2 support. A median filter with a window of size 2 was applied to this 
image. The unprocessed image is given in SI Figure S8. The bright dots are individual Ta toms. 
Red circles highlight isolated Ta atoms and the yellow square highlights potential regions 
where Ta atoms are found in adjacent sites, b) optimized structures of Ta5+ supported on a TiO2 
anatase (001) surface generated using density functional theory modeling showing alignment 
of Ta with Ti columns, whether fully hydrated (left) or dehydrated (right); see SI for discussion. 
Red = O, gray = Ti, blue = Ta, white = H.
Next, the unique ability to locate Ta atoms over longer distances on nsTiO2 is used to 
map out Ta-Ta distances for the materials. Figure 2 shows a representative set of atomic 
resolution HAADF-STEM images of Ta-Et, Ta-Calix and Ta-ALD taken in plan-view to 
obtain information about Ta-Ta spacing. Because of the planar supports, single images provide 
information representative of the entire sample. For example, Figure 2d shows 186 atoms over 
approximately 350 nm2 of imaged area (700 nm2 of TiO2 surface). This gives 3.7 nm2 Ta-1, in 
good agreement with the specific surface area of the nsTiO2 divided by the total amount of Ta 
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grafted (3.3 nm2 Ta-1). From visual inspection alone, the two Ta precursors do not produce 
markedly different Ta distributions on the surface, with many isolated atoms in both cases. In 
addition, the Ta distribution is not apparently changed by Al2O3 overcoating by ALD. The 
ALD process utilizes the very reactive molecule Al(CH3)3 and generates water vapor at 
moderate temperatures, and it was initially suspected that the process might significantly 
rearrange the surface TaOx. We also note that while the nsTiO2 supports can be damaged by 
long electron beam exposures, the Ta remain as single atoms, with no obvious changes to their 
orientation with respect to the TiO2 surface. (Figure S9a and b) This contrasts with control 
materials such as Ta on silica nanospheres, in which the Ta is challenging to visualize initially 
then obviously aggregates during microscopy. (Figure S9c and d)
Figure 2. Representative high resolution HAADF-STEM images of a,b) Ta-Calix, c,d) Ta-Et, 
e,f) Ta-ALD. Scale bars in a-d are 5 nm. Scale bars in e and f are 2 nm.
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These images enabled by the extended, flat surface of nsTiO2 allows for statistically 
meaningful estimates (N = 134-186 Ta atoms) of the distribution of supported Ta atoms from 
a small number of images. The observed nearest neighbor distances (NND) are calculated for 
all visible Ta atoms in Figure 2 (see also SI Figure S10). The median NND for materials Ta-
Et, Ta-Calix, and Ta-ALD are 0.5, 0.7, and 0.5 nm. From the 3.3 nm2 Ta-1 average loading, 
Ta perfectly dispersed on the surface would have an apparent Ta-Ta separation of 0.9 nm. We 
also quantitatively estimate the fraction of Ta atoms that are ‘isolated’ from another, by placing 
a cutoff Ta-Ta separation of >0.4 nm from the nearest neighbor, approximately the Ta-O-Ta 
distance in Ta2O5.59 The cumulative frequency distributions in Figure 3 show that for all 
materials, >60% of Ta atoms are isolated from each other, with potentially >80% of the Ta 
atoms being isolated in the case of Ta-Calix, which is derived from the bulky precursor. It is 
emphasized that these estimates are conservative. Because the imaging technique visualizes all 
Ta atoms in a 2D space, Ta atoms sitting on the other side of the TiO2 nanosheets were also 
imaged, thus increasing the apparent Ta surface density. 
























Figure 3. Cumulative frequency plot of nearest neighbor distance (NND, Ta to Ta distance in 
nm) for samples Ta-Et (186 atoms counted), Ta-Calix (134 atoms counted) and Ta-ALD (161 
atoms counted). Ta to Ta distances ≤ 0.4 nm, indicated by the red line, might indicate the 
formation of Ta-O-Ta bonds.
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‘Isolated’ sites have long been argued from spectroscopy to be the most active sites in 
a number of reactions,35,60 and many synthetic methods, including the use of bulky ligands such 
as calixarene,54,25 have been specifically developed to bias the system towards a preponderance 
of these sites. For the first time, we have directly demonstrated the validity of these claims 
from HAADF-STEM imaging. Recalling that Ta-ALD is derived from the same precursor 
material as Ta-Calix, the full analysis of the Ta-Ta distances also shows that the conditions of 
the ALD indeed cause some rearrangement and aggregation of TaOx, even if the aggregation 
is not severe enough to be observed by bulk techniques. In conclusion, we have demonstrated 
the use of TiO2 nanosheets as excellent 2D supports for high resolution STEM imaging of 
highly-dispersed, supported catalysts and quantification of atom-atom distance distributions. 
We are currently working to apply this technique to other catalytic metals and systems.
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